The causal relationships between electrification and development of poor, rural communities are 18 complex and contextual. The existing literature focuses mainly on the impact of rural electrification 19 and electricity use on local socio-economic development, while the reverse feedbacks of various 20 social and economic changes on electricity demand and supply have not been fully characterised.
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21
Most electricity access impact assessments assume linear, one-way effects and linear growth in 22 electricity demand. However, the projections rarely match the reality, creating challenges for rural 23 utilities. From a modelling perspective, the lack of attention to dynamic complexities of the 24 electricity-development nexus prevents the appropriate modelling of electricity demand over time 25
and, hence, informed planning for and sizing of power plants. With the goal to improve modelling of 26 the electricity-development nexus, we undertake a comprehensive review and extensive analysis 27 of the peer-reviewed literature on electricity access and its impact on rural socio-economic 28 development, and vice versa. We characterise and describe the nexus between electricity access 29 and development through graphical causal diagrams that allow us to capture, visualise and discuss 30 the complexity and feedback loops. Based on this, we suggest guidelines for developing 31 appropriate models able to include and simulate such complexities. 32
Our analysis confirms that electricity use is interconnected through complex causal relations with 33 multiple dimensions of socio-economic development, viz. income generating activities, market 34 production and revenues, household economy, local health and population, education, and habits 35 and social networks. The causal diagrams can be seen as a first step of the conceptualization 36 phase of model building, which aims at describing and understanding the structure of a system. 37
The presence of multiple uncertain parameters and complex diffusion mechanisms that describe 38 the complex system under analysis suggests that systems-dynamic simulations can allow 39
Introduction

45
The International Energy Agency (IEA) estimates that 1,1 billion people do not have access to 46 electricity, most of them living in rural areas (International Energy Agency 2017). Lacking reliable 47 access to electricity is considered a limit on people's opportunities and quality of life. The role of 48 energy as a key driver to sustainable development is now widely recognized by the global 49 community, as evidenced by the fact that the Sustainable Development Goals (SDGs) include 50 access to affordable, reliable, sustainable, and modern energy for all by 2030 as an explicit target.
51
While the relationship between electricity use and development is known from a macroscopic and 52 macroeconomic point of view, the local dimensions of the electricity-development nexus in poor, 53 rural contexts are not completely captured and characterized. Experiences of international 54 institutions like GIZ and the Energy Sector Management Assistance Programme (ESMAP) of the 55
World Bank have highlighted the multifaceted aspects of the issue. They have shown that it is not 56 enough to simply provide people with access to electricity and "hope for local economic activity to 57 pick up by itself" ((Brüderle et al. 2011) pg. 8). Indeed, the literature emphasises that electricity 58 access should always be accompanied and sustained by other enabling activities and services, in 59 order to contribute to greater educational attainment, more business opportunities, and higher 60 income at the local level (Bastakoti 2003; Colombo et al. 2013 ; Khandker et al. 2013) . Against this 61 backdrop, in this paper we review the complex nexus between electricity access and use, and 62 socio-economic development of rural areas in the Global South. 63
The complexity of the problem renders the use of linear or pre-defined sets of relations of cause 64 and effect to describe the issue inaccurate, since "the dynamics of growth and electrification are 65 complex, involving many underlying forces" ( (Khandker et al. 2013 ) pg. 666). According to Matinga 66 and Annegarn, "simple deterministic relations between electricity access and development 67 outcomes do not reflect reality" ((Matinga and Annegarn 2013) pg. 301), while Ahlborg (Ahlborg 68 2015) confirms the presence of multiple interfaces and feedbacks that shape outcomes in 69 electrification processes. The literature also suggests that the nexus between electricity use and 70 rural socio-economic development has dynamic components, meaning that the nexus is 71 characterized by complex feedbacks that can reinforce or balance impacts over time (Ulsrud et al. 72 2011). Khandker's (Khandker et al. 2013 ) study of Vietnam's rural electrification program 73 exemplifies how a "virtuous circle of development" emerged as significant investments in other 74 rural infrastructure services were undertaken (viz. water supply, roads, health and education) and 75 rural electrification contributed to greater educational attainment, more business opportunities, and 76 higher income, which in turn improved the affordability of electricity and appliances, leading to an 77 increase of total electricity load and more investments in rural electrification. Khandker, as well as 78 others (Kanagawa and Nakata 2008) , suggest that electrification, if supported by enabling 79 complementary actions, can lead to positive feedbacks on future electricity demand in a rural 80 context. 81
In rural electricity planning, being able to analyse and forecast electricity demand is pivotal to the 82 development of sustainable and reliable electricity models and plans, especially those dealing with 83 the architecture and sizing of off-grid solutions. Inaccurate predictions can negatively impact local 84 socio-economic development and cause unsustainable sizing processes of energy solutions, 85 leading to negative consequences for the technical performance of the power supply (Ulsrud et al. 86 2011), such as supply shortages or cost recovery failures (Hartvigsson et al. 2015) . Existing 87 energy demand models for off-grid electricity planning do not capture these complexities; indeed, 88 they usually rely on simple estimates of the energy demand and its evolution over time. Given that 89 such linear projections are commonly inaccurate, being able to understand and model aspects and 90 dynamics that determine rural electricity use can lead to more robust energy planning and 91 solutions in rural areas, as well as increase the current understanding of the energy-development 92 nexus. 93
The goal of our study is therefore to: 94 (i) review and analyse literature which describes, explains, and discusses -through case 95 studies, experiences on the field, and surveys -the impact of electricity access and 96 consumption on rural socio-economic development, and vice versa; 97
(ii) discuss and capitalize on the literature's findings by describing the development nexus 98 complexity through graphical representations -viz. causal diagrams (Coyle 2000) .
99
(iii) derive insights and set useful guidelines for developing appropriate models able to 100
include and simulate such complexities. 101
With this work, we try to make explicit the many aspects that influence electricity use and demand 102
-that "energy problems go beyond purely technical and economic issues" ((Morante and Zilles 103 2001) pg. 380). Our intended audiences are researchers in energy and socio-economic 104 development, energy modellers, energy planners and policy makers involved in the global 105 challenge of rural electrification. In particular, we aim at providing researchers and modellers with 106 useful guidelines for developing robust long-term energy access scenarios; while we wish to 107 provide the latter with a clearer view of the multifaceted and interrelated techno-economic and 108 social complexities at stake, and consequent useful information for enhancing effective and 109 sustainable electricity access polices. 110
Background -Electricity access and rural development 111
State-of-the art 112
In this section, we report the state of the art for review studies that focus on electricity access and 113 rural development, trying to highlight the methodological progress achieved in the years and the 114 new emerging challenges. Reviews studies of the socio-economic impacts of rural electrification in 115 developing economies and formerly colonized countries started emerging in the 1980s. Within the 116 context of the International Labour Office's World Employment Programme's research, Fluitman 117 published a working paper in 1983, where he reviewed the available literature on rural 118 electrification, its effects on rural industrialisation, and its impact on such socio-economic 119 objectives as employment and income generation. The paper concluded that the socio-economic 120 benefits of providing people with access to electricity in rural areas seemed to be overestimated. 121
Also, he saw a need for "more judicious planning, formulation and evaluation of rural electrification 122 programmes (pg. v)" for maximising the positive impacts of electrification-oriented investments. 123
In more recent years, other review papers on this topic have been published both in the grey and 124 scientific literature. There is also an increasing interest in the impacts and sustainability of 125 renewable energy based decentralised electricity provision. suggesting that the majority of the projects had positive effects on sustainable development. 160
Novelty of the work 161
This review contributes a uniquely comprehensive overview of the complex causal relations 162 between electricity access and socio-economic development. Based on our review, we find that the 163 existing grey and scientific literature focus mainly on how rural electrification and electricity use 164 affect local socio-economic development, while the reverse feedbacks are not systematically 165 explored. Our review builds on the findings from existing reviews and studies, and it expands and 166 adds the following novel elements: (i) an analysis of consequent feedbacks of socio-economic 167 developments on electricity use and demand evolution over time, (ii) the representation -in terms 168 of causal diagrams -of the insights that can be gained from the description of the dynamic 169 complexities, and (iii) a discussion of the implications of the findings from an energy modelling 170 perspective. Indeed, the electricity-development nexus is characterized by complex dynamic 171 interactions, feedbacks, and behaviours. The understanding of such complex interactions requires 172 therefore a more comprehensive investigation, which aims at analysing the "electricity-173 development nexus" as a system and not as a set of possible unidirectional correlations between 174 multiple dimensions -i.e. electricity use and access on one side, and socio-economic indicators on 175 the other. 176
Rationale and methodology 177
We reviewed 78 peer-reviewed articles using Science Direct editorial platform and Scopus 178 databases (some statistics are reported in Figure 1 and Figure 2) . We selected only case-studies 179 (and reviews of them) that report and discuss in-depth qualitative and quantitative findings about 180 the nexus between electricity consumption and socio-economic development at a local level. cause. On the contrary, the negative "-" polarity of the arrows means that if the cause increases 218 then the effect decreases. 219
From the literature, only two main dimensions of the nexus emerged clearly: (1) the economic 220 dimension and (2) the social dimension. We analyse them separately, while we treat the impact of 221 access to electricity on local environment as a cross-cutting dimension (e.g. household electrical 222 lighting can cause less kerosene use, which decreases indoor air pollution with consequent 223 possible improvements for household's health). 224
Economic dimension 225
The nexus between electricity demand and local economic development develops over time. In the 226 following, we review previous literature and discuss three main sub-nexus through which economic 227 development might impact on the structure of a local rural economy and future electricity demand: Access to electricity led to a 20% increase in business activities in three villages in Eastern Uttar Pradesh B. Bowonder et al. (Bowonder et al. 1985) Access to electricity led to the creation of repair and serving shops and village entertainment enterprises such as movie tents and community televisions (TVs) in eight rural communities in India Cabraal et al. (Cabraal et al. 2005) 25% of households with electricity operated a home business in Philippines, compared to about 15% of households without electricity Gibson and Olivia (Gibson and Olivia 2010) Households connected to electricity increased their participation in non-farming enterprises by 13.3% in rural Indonesia, with the percentage of enterprises operated by rural households 43% higher after access to electricity Mapako and Prasad (Mapako and Prasad 2007) Results of the surveys on 73 small enterprises in the south west of Zimbabwe are reported with all the types and number of activities that were created after electrification; the total number of employees in these areas is reported to have been increased by 270%.
Bastakoti (Bastakoti 2006) The Nepalese areas served by the Andhikhola Hydroelectric and Rural Electrification Centre (AHREC) experienced the creation of 54% more rural industries after electrification, allowing 600 more employees to have an income.
Prasad and Dieden (Prasad and Dieden 2007)
Data from South African national surveys suggest that somewhere between 40% and 53% of the increase in small, medium and micro-enterprises uptake is attributable to the grid rollout. Jacobson (Jacobson 2007) 48% of the households interviewed in rural Kenya reported that the use of solar electricity supported some work-or income-related activities.
Adkins et al. (Adkins et al. 2010) 98.1% of adopters of solar lanterns in Malawi reported that the use of solar electricity supported some work-or income-related activities. wages due to an abundance of labour supply over labour demand (Dinkelman 2011 positively enhance the dynamics. From this we learn that electricity demand in poor rural areas is 367 characterised by variables that are highly interdependent, suggesting that the literature should put 368 more emphasis on this aspect. The diagram indicates that the propensity to invest is a key-aspect 369 affecting the growth of future electricity demand and the creation of new IGAs. Further, the diagram 370
shows that people's propensity to invest is positively affected by their financial capacity (which 371 increases, if average income increases), the availability of electric machines and a local reliable 372 maintenance service, and the growth of local market demand for goods and services. In particular, 373 in case of investments in an electricity-reliant business, the "propensity to invest" variable signifies 374 both the start of new electricity consumer-IGAs, as well as increased demand from existing 375 electricity consumer-IGAs that expand their business by investing in more appliances and 376 machinery. 377 378 
Market production and revenues
381
The second sub-nexus we identify between access to electricity and economic impacts, is through 382 local market production by IGAs and local revenues. We discuss the potentially positive dynamics 383 of electricity demand and market production through different levels of analysis. First, we report on 384 literature that indicates a positive potential impact of electricity demand on the productivity in local 385 markets. Next, we discuss studies that analyse the impact of electricity use on the local markets -386 viz. the effect of electricity demand on market demand and supply. In the case of literature 387 reporting low or no impacts, we highlight some complementary activities from the literature that 388 might enhance the benefits of electricity on the operation of local markets. Finally, we review what 389 feedbacks have been identified between local market production and electricity demand in the 390 literature. 391
Our first level of literature analysis suggests that electricity use increases local production and 392 people's productivity, especially in new electricity-reliant businesses, as exemplified in Table 2 . 393 Table 2 . Examples of impact of electricity use on market production and revenues.
394
Reference
Mentioned impact of electricity use on market production and revenues Ranganathan and Ramanayya (Ranganathan and Ramanayya 1998) An extra kWh of electricity generated an incremental surplus of agricultural production for Indian farmers Meadows and Kate (Meadows et al. 2003) In India, energy-intensive enterprises that obtained access to modern energy achieved enhanced income levels of 30-40% more than enterprises that did not gain access.
Peters et al. In villages located in Northern Benin, the profits of connected firms were considerably higher, viz. 73.8% higher (statistically significant at the 5% level), than those of nonconnected firms, and this is especially true for electricity-reliant firms.
Kooijman-van Dijk (Kooijman-van Dijk 2012)
It is found a positive relation between 'electricity use for enterprise products and services' and income from enterprises in the Indian Himalayas, although electricity is not considered the definitive solution to poverty reduction.
Gustavsson (Gustavsson and Ellegård 2004; Gustavsson 2007a)
In Zambia, lighting in the evening could improve teachers' income, enabling them to earn some extra income by teaching in the evening.
Cabraal et al. (Cabraal et al. 2005) Households managing small cottage industries in rural India were able to increase their daily income using electric lighting to extend their productive hours after nightfall.
395
The studies that focus on the dynamics behind the possible increase in enterprises' productivity 396 and revenues suggest that access to electricity and use may positively or negatively impact local 397 markets by affecting local supply and demand of goods and services. 398
Market demand 399
Focusing on local market demand, the number of consumers for a given business may increase 400 thanks to the increased use of communication devices and advertisements (Jacobson 2007 shopkeepers experienced a marginal reduction of operational costs associated to refrigeration, 500 since they found gas more expensive than electricity. Electricity may be cheaper than diesel for 501 running machinery, as evidenced in Mawengi (Tanzania), where electric milling machines 502 significantly reduced the cost of milling the staple maize in comparison to the previous use of 503 diesel-powered machinery (Ahlborg 2015) . In Vietnam, milling 1 ton of rice with diesel costs at 504 least four times more than by using electricity (viz. US$ 2.6 against US$ 0.6) (Kooijman-van Dijk 505
and Clancy 2010). In the Syangja District in the western region of Nepal, an electric mill could 506 reduce costs by 30-50% with respect to diesel-powered ones (Bastakoti 2003 household's wealth, electrification status (viz. if an household has access to electricity or not) and 559 hours of electricity used per day (for Indian households living in slums, urban and rural areas). We 560 address the nexus between household economy and electricity demand more thoroughly in the 561 next dedicated sub-section of the paper. 562 Figure 4 presents the causal loop diagram for electricity demand and market production and 563 revenues. It visualizes the dynamics above, highlighting the positive and negative feedback among 564 variables, as well as indicating the complementary activities and conditions that may enhance the 565 dynamics (the dashed red lines). The main feedback on growth in electricity demand is an increase 566 of people's income and access to financial capital. 567 568 
Household economy
571
In the previous sections, we identified a positive loop between increasing electricity demand, an 572 increase in net IGAs and their sales of goods and services, which in turn can increase market 573 revenues. Since the feedback of net revenues on electricity use involves domestic access to 574 financial capital, in this sub-section we try to focus specifically on the nexus between electricity use 575 and households' economy, which involve different dynamics than that related to business activities 576 alone. 577
As a direct effect of the dynamics identified in the previous sections, the increase in market 578 production and employment given by electricity use can boost households' financial capacity by a 579 positive change in financial inflow ( Table 3 reports 581 some examples from the literature, which suggests that access to electricity benefits the household 582 economy, since electricity-reliant IGAs are more productive than their unconnected counterparts, in 583 the range of 30% to 78% more, depending on the context. However, few studies provide 584 statistically reliable estimates with appropriate intervals of confidence and clear definitions of the 585 baseline used, reducing the reliability of data for modelling purposes. 586 Table 3 . Examples of impact of electricity use on household economy. It is described the effect of the distribution of "multifunctional platforms", i.e. "small 8-12 horsepower diesel engines mounted on a chassis, to which various components can be attached" (pg. 117), in rural Mali. There, families experienced about 13.6% extra income per year (viz. about $68 in additional revenue per year per family, considering that the average household lives on $1.37 per day).
Gibson and Olivia (Gibson and Olivia 2010)
Income shares of non-farm enterprises (NFEs) are higher for rural Indonesian households that are connected to the public electricity network, viz. about 3.7% against 2.2%; it is indicated that the quality of power supply has a direct effect on income from productive activities, since the share of rural income from non-farm enterprises is estimated to be 27% higher for households in villages that never suffer blackouts (Power unreliability → Average income).
Balisacan et al. (Balisacan et al. 2003)
Households' income benefits are mainly experienced by richer families (Income from IGAs activities → Income inequality): a 10% improvement in access to electricity raised income among the poor by only 2%.
Rao (Rao 2013) Through a multivariate regression, it is estimated that at the village level, access to at least 16 h of electricity per day might be responsible for 18% higher income for connected Indian NFE than non-connected ones. The study further finds that the expected income for an electrified household is 43% higher based on a propensity score matching model.
Bensch et al. (Bensch et al. 2011)
It is found a positive difference in income between connected and non-connected households in Rwandese electrified villages. It is also confirmed a difference in income also between connected households in electrified villages and households in nonelectrified villages that they identity as "likely to connect to an electricity grid". Nevertheless, the robustness and significance of the results disappear when regional differences are accounted for, suggesting caution regarding the finding of a positive effect of electricity on income.
Khandker et al. (Khandker et al. 2013) In 42 Vietnamese communes, household electrification is responsible for a growth of 21% and 29% in total and non-farm income, respectively. They found also a substantial spillover benefit to non-connected households (Electricity demand → Spill-over effect feedback that reduces Income inequality).
588
Electricity use impacts also on households' financial outflows, viz. expenditures. As discussed in 589 the previous sub-section, this is mainly due to improvements in products' quality and the availability 590 of new products and services, following the modernization of production and other technologies and suggest that household income is not a primary determinant for willingness to pay for 690 high-quality modern energy. Hence, the literature seems to suggest that electricity is 691 income inelastic (i.e. the quantity of electricity demanded increase less than proportional to 692 an increase in income), since it is often considered a basic need. However, the relatively 693 high positive values estimated (between 0.24 and 0.64, depending on the context) suggest 694 that an eventual increase in the economic status of people would lead to a rise in electricity 695 consumption of households, although less than proportionally. 696
To enhance a positive feedback of household economy on electricity demand, the literature 697 suggests some complementary activities to increase households' willingness to buy and use 698 electricity. Among the recommendations, scholars suggest that electrification projects must be 699 accompanied by sustainable "cost of connection" policies, such as international "smart" subsidies 700 or cost-sharing mechanisms (Sovacool et 
Social dimension 734
In this section, we discuss the complex causalities between electricity demand and social 735 dimensions of local development. In particular, we focus on three main aspects: (i) the dynamics of 736 local population and health, (ii) education, and (iii) habits, living standards and social networks. 737
Local health and population
738
The literature suggests that increasing electricity access and use is beneficial to people's health 
Education
850
The impact of access to electricity on education is a widely-discussed topic in the literature. We 851 cover this nexus by first reviewing studies that state a positive impact of electricity use on people's 852 level of education (without explaining the relation). We report on correlations that seem to support 853 the beneficial impact of electricity use, while being aware of the multiple socio-economic factors 854 that might impact on educational levels of rural people, the reverse causalities, and the potential 855 biases in these results. We then review studies that explain how electricity use in schools and 856 houses may allow people to attain higher school grades and levels, and an improved level of 857 informal education. We finally discuss some possible feedbacks of higher educational attainments 858 on electricity consumption. 859
From a general point of view, the use of electricity seems to be associated with improved 860 educational standards of people (Alam et al. 1998 ), also in poor countries (Wolde-Rufael 2005), as 861 reported in Table 4 . 862 Table 4 . Examples of impact of electricity use on education.
863
Reference
Mentioned impact of electricity use on education Nakata and Kanagawa (Kanagawa and Nakata 2008) In rural areas of Assam, India, data indicate that a 1-point increase in the percentage of households electrified result in 0.17-point improvement in the percentage of literate people older than 6 years. Also, it is suggested that domestic electricity consumption per capita has a positive correlation with educational attainment, indicating that those households with very low initial levels of electricity consumption can achieve high educational benefits from increasing their consumption of electricity. Further, the literacy rate of Assam state is estimated to rise from 63.3% to 74.4% if all the rural areas were to be electrified, other factors being equal. An econometric model applied to 42 Vietnamese communes indicates that household electricity connection is correlated with a 9% higher school-enrolment rates for girls and 6.3% for boys.
864
At school, the use of electric lighting might benefit students by extending study hours (Aglina et al. 865 2016) (Electricity demand → Study time at school in Figure 7 ) and by allowing evening 866 (Gustavsson 2007a) and Average income (marked with two dashes in Figure 7 ). Khandker et al. (Khandker et al. 2013 ) 961 suggest that higher educational benefits achieved by rural Vietnamese children as an effect of 962 electrification might have resulted in higher and more productive employment levels. In his 963 econometric study, Rao (Rao 2013) found that the years of education of household' head is a 964 positive determinant of income for Indian NFEs. Since households' income and financial availability 965 have been found to be pivotal drivers of electricity use, all these studies confirm that improving 966 peoples' educational attainments can positively impact future electricity consumption (Education 967 attainments → Average income → Electricity demand). 968 Annegarn 2013) report that the provision of access to electricity in Tsilitwa village, South Africa, 983 allowed household members to wake up earlier, about half-hour before sun-rise, and go to bed 984 about 2-3 hours later. Similarly, Roy (Roy 2000) indicates that the lighting hours in households 985 provided with solar lanterns in a rural Indian village went up from 2 hours to 4 on average (and up 986 to 6 hours in some cases). Lenz et al. (Lenz et al. 2017 ) state that in rural Rwanda, "the availability 987 of electricity in the communities clearly had a significant effect on the daily routine of all household
